We report a method to measure the electric energy density of longitudinal and transverse electric field components of strongly focused polarized laser beams. We used a quantum well photodetector and exploited the polarization dependent optical transitions of light holes and heavy holes to probe the electric field distribution in the focal region. A comparison of the measured photocurrent spectra for radially and azimuthally polarized beams at the light and heavy hole absorption peaks provides a measure of the amount of the longitudinal electric field component.
I. INTRODUCTION
It is well known that in the regime of strong focusing a vectorial theory 1 is required to describe the electric field distribution in the focal region. Due to polarization effects in the focus of a linearly polarized input beam, there exists a transverse electric field component orthogonally polarized to the input beam and a longitudinal electric field component parallel to the direction of beam propagation.
2 Approximately 20% of the electric energy density is contained in the longitudinal field when a linearly polarized beam is focused using a microscope objective of numerical aperture ͑NA = 0.9͒.
The longitudinal electric field component is of great interest for many applications. [3] [4] [5] For a radially polarized beam, which is rotationally symmetric also in its polarization properties, 50% of the electric energy is confined in the longitudinal component. This can be enhanced to more than 80% by using an annular aperture. In contrast, an azimuthally polarized beam is the best choice when a purely transverse field is required at the focal region. 6 Several experimental studies of the focal region have been reported. These can be divided into two categories, namely, the detection of the focal intensity 7 distribution and the probing of the focal electric field distribution. An overview of the various experimental realizations of these detection schemes in both categories is given in the next paragraphs.
To measure the focal intensity distribution of a weakly focused beam, a charge coupled device ͑CCD͒ camera has been used. 8 The experimental result was in excellent agreement with the prediction from theory. In this case, however, polarization effects are too small to be detected. In the regime of strong focusing, a knife edge method 2,9 can be used to measure the intensity distribution in the focal region. In this case, polarization effects can be seen if the detection angle is sufficiently large. As an alternative to provide for the necessary high numerical aperture detection, a scanning near field optical microscope ͑SNOM͒ fiber tip 10 can also be used. In principle, it is even possible to measure phase and amplitude with a SNOM, 11 however, the sensitivity for longitudinal and transverse components can differ 12 and this discrepancy needs to be taken into account for the interpretation of the results.
Besides the experiments described above for the focal intensity measurements, several polarization sensitive measurements to detect the focal electric field distribution have been reported. The transverse electric field components E x and E y can be distinguished by using a polarizer 13 at the focal region, but the E z component remains undetected. In contrast, if a tip is used to probe the focal region, the longitudinal field E z can be detected with high lateral resolution. However, the detected signal is strongly influenced by the tip-field interaction and also depends on the dielectric constant of the tip material. [14] [15] [16] Another option to measure both the intensity or electric field distribution is to scan small metallic beads through the focus and detect the scattered light. Due to the fact that a dipole moment is induced by the external field, the emission characteristics of the bead depends on its position within the focus. 17 Instead of isotropic beads which do not have a defined axis, one can also use individual molecules oriented in three different mutually orthogonal directions to scan the electric energy distribution of a͒ Electronic mail: rurimo@kerr.physik.uni-erlangen.de b͒ Electronic mail: quabis@physik.uni-erlangen.de all the three polarization directions separately. 18, 19 A quantitative comparison is hindered by the fact that different detectors ͑molecules͒ have to be used for each of the polarization directions.
In this paper, we present a method to separately determine the amount of the electric field energy densities of the longitudinal and transverse electric field components using a semiconductor nanostructure. Semiconductor nanostructures are particularly suitable as polarization detectors. Excitonic absorption involving heavy holes is caused by in-plane polarized light only, whereas the major component of the dipole moment for light hole exciton absorption corresponds to a polarization perpendicular to the surface. 20, 21 As the energies for heavy and light hole excitons differ significantly, one can easily distinguish between heavy and light hole absorptions. Moreover, the absorption can be detected conveniently by measuring the photocurrent, if the nanostructures are embedded in a pin diode. In this case the photogenerated electrons and holes contribute almost fully to the photocurrent as they are separated by the electric field present in the intrinsic region of the diode before they can recombine. The ideal nanostructure would be a self-assembled quantum dot. 22 In this case, spatially resolved photocurrent measurements would allow for the determination of the actual distribution of inplane and longitudinal electric field components in the focal region of strongly focused light beams. Such experiments are, however, rather demanding, as a single quantum dot is only weakly coupling to the light field. In the present work we have chosen a suitably designed quantum well nanostructure. Due to translational invariance of quantum wells, the photocurrents for the two polarizations reflect spatial averages over the whole focal region. However, significant information about the polarization can be deduced from the experiment by analyzing the data with the corresponding semiconductor model.
II. DESIGN AND CHARACTERIZATION OF THE QUANTUM WELL STRUCTURE
The quantum well sample was grown by molecular beam epitaxy ͑MBE͒ on a semi-insulating GaAs substrate. Processing of individual devices was done by photolithography and wet-chemical etching. In Fig. 1 , a schematic diagram of the sample design used for normal incidence illumination is presented.
The quantum well ͓see Fig. 1͑c͔͒ is embedded in the intrinsic region of a pin diode to enable photocurrent measurements by resonant interband excitation of carriers inside the quantum well ͓Fig. 1͑b͔͒. To ensure optical transparency of the sample within our range of available wavelengths, the structure is composed of Al x Ga 1−x As layers with sufficiently high aluminum content x. To enhance carrier localization the quantum well is embedded between two 50 nm wide barrier layers of intrinsic Al 0.35 Ga 0.65 As.
The quantum well is located 80 nm below the sample surface and consists of 25 monolayers ͑Ϸ7.1 nm͒ of undoped Al 0.08 Ga 0.92 As. These values were chosen by simulation to give the maximum splitting between light hole ͑lh͒ and heavy hole ͑hh͒ transitions. The splitting of the lh and the hh valence bands due to carrier confinement is dominated by the quantum well width, whereas the absolute transition energies for e − lh and e − hh interband transitions mainly scale with the bandgap inside the quantum well and thus with the aluminum concentration. For the range of wavelengths defined by the tuning range of our laser, we found 25 monolayers with 8% aluminum content to work best. The excitonic transition energy for the e 0 −hh 0 transition was calculated to be 1.582 eV ͑783.6 nm͒ and the e 0 −lh 0 transition as 1.602 eV ͑773.8 nm͒. These energies are well within the tuning range of our laser. The splitting between the two interband transitions is large enough to be easily resolved as individual peaks in the photocurrent spectrum. The photogenerated carriers are thermally activated over the barrier layers and separated by the electric field in growth direction, thus giving rise to a photocurrent.
It is well known 20, 21 that the relative strength of the e 0 FIG. 1. ͑a͒ Schematic diagram of the sample layer structure with Al profile. The quantum well, 80 nm beneath the sample surface, is embedded in the i region of a pin diode. To allow for resonant interband excitation inside the quantum well only, the sample is made of Al x Ga 1−x As with a sufficient Al content x to ensure optical transparency. ͑b͒ Band diagram ͑schematic͒ for a small reverse bias applied ͑for photocurrent measurements͒. ͑c͒ Close-up of the quantum well region denoting the electron, heavy, and light hole ground states. Photogenerated carriers can escape the barrier layers by thermal activation and contribute to the photocurrent. −lh 0 and e 0 −hh 0 transitions is dependent on the polarization of the incident light thus enabling our quantum well to act as a polarization detector. The respective transition probabilities are summarized in Table I . 23 The TE polarized light, with an electrical field vector oscillating in the plane of the quantum well, can excite both the e 0 −lh 0 and e 0 −hh 0 transitions with the heavy hole transition being three times stronger than the light hole transition. With light polarized along the growth direction of our sample ͑TM polarization͒, only e 0 −lh 0 transitions can be excited. Figure 2 shows a photocurrent measurement for the two orthogonal linear polarizations TE and TM when illuminating the sample in a waveguide configuration ͑see inset in Fig.  2͒ . The sample used in the waveguide geometry was similar to the one depicted in Fig. 1 . In the waveguide structure thick layers with high aluminum content defined the cladding of an optical waveguide by modulation of the refractive index. The optoelectronic properties of the quantum well in the waveguide structure and that depicted in Fig. 1 are, however, identical. The excitation light from a monochromator was coupled into the waveguide at the cleaved edge of the sample and guided in the plane of the quantum well over a distance of 500 m. 24 This method enables easy alignment of the linear polarization to be either along the growth direction or in the quantum well plane, respectively. As can be seen in Fig. 2 , TM-polarized light couples to the e 0 −lh 0 transition only, whereas for TE polarization, both the e 0 −lh 0 and e 0 −hh 0 transitions contribute to the photocurrent spectrum. This polarization sensitivity can be exploited to determine the amount of longitudinal electric field in the focal region of a focused light beam. To accomplish this, the focusing beam has to be incident onto the sample from the growth direction. For this geometry the longitudinal component corresponds to TM polarization, whereas the transverse component corresponds to TE polarization. When focusing a beam of an unknown polarization, the amount of longitudinal electric field in the focal region can be extracted from the spectrum by comparing the absorption peaks against a reference spectrum obtained for pure TE polarization. In our experiment we use radially and azimuthally polarized beams. The focal region of a focused radially polarized field comprises of a mixture of TE and TM components. A focused azimuthally polarized beam is everywhere transverse ͑pure TE polarization͒ and therefore presents a good choice of a reference.
III. EXPERIMENTAL SETUP
The experimental setup used to generate radially and azimuthally polarized beams at wavelengths between 762 and 787 nm is depicted in Fig. 3 . An external cavity diode laser ͑ECDL͒ in Littman configuration is used as a light source. After beam shaping using an anamorphic prism pair ͑APP͒, the laser beam is focused into a single mode polarization maintaining fiber ͑PMF͒ for spatial mode filtering. The monitoring unit measures the laser wavelength and also gives an indication of the stability of the laser over the tuned wavelength range. The output beam from the fiber is collimated to a beam diameter of Ϸ3.75 mm. The key element of our setup is the liquid crystal ͑LC͒ device 25 which is used to modify the polarization properties of our laser beam. By rotating the input polarization locally, the liquid crystal device transforms a linearly polarized beam into a rotationally symmetrical polarized output. The half-wave plate ͑HWP͒ in front of the liquid crystal device is used to set the plane of linear polarization in such a way that the transmitted beam is either radially or azimuthally polarized. The output from the liquid crystal is coupled into a stabilized nonconfocal FabryPerot interferometer ͑NCFPI͒ which is used to suppress Polarization resolved photocurrent measurement of a sample with a quantum well embedded into an optical waveguide structure. The quantum well in this structure is identical to that of the sample used for normal incidence illumination. With light polarized along the growth direction ͑TM mode͒ only e 0 −lh 0 transitions can be excited. In contrast, both the e 0 −lh 0 and e 0 −hh 0 transitions contribute to the photocurrent spectrum if the excitation light is polarized parallel to the quantum well plane ͑TE mode͒. Inset: Illumination of the sample from the in-plane geometry. 
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higher order modes due to the Gouy phase shift. 26 A collimating lens ͑L4͒ is chosen so that the doughnut mode from the NCFPI has a beam waist equal to the radius of the entrance aperture of the microscope objective ͑MO͒. A set of four mirrors ͑M͒ for polarization insensitive deflection guides the beam onto the microscope objective. The entrance pupil of the microscope objective is 3.6 mm in diameter, and an annular aperture of 3.3 mm in diameter is used to block the center part of the beam. This enhances the longitudinal electric field at the focus of the high NA microscope objective. The microscope objective focuses the beam onto the quantum well structure, which is mounted on a threedimensional ͑3D͒ piezostage. After moving the quantum well into the focal region, wavelength dependent photocurrent spectra are measured.
IV. SIMULATION
Simulation results based on vector diffraction theory 27 show that the focused radially polarized beam has an approximately 80% longitudinal component in air. Figure 4 gives an idea about the relative strengths of the longitudinal and transverse components in air. If the focusing beam is propagating through an interface, refraction occurs at the boundary. The maximum angle of incidence ␣ in air is given by sin −1 ͑NA͒, i.e., ␣ Ϸ 64°. This reduces to ␤ = 14.5°in GaAs ͑n GaAs Ϸ 3.6͒ after refraction at the air-GaAs interface. As a result, the superposing light rays at the focus have a strongly reduced longitudinal component and a dominating transverse component compared to the focus in air. Figure 5 shows the result of a theoretical calculation and it reveals the relative strengths of the two components inside the quantum well structure. In this case, the focal spot comprises only of about 9% of longitudinal component.
For a given input power the absorption in the quantum well differs for radial and azimuthal polarization due to the polarization dependence of the Fresnel coefficients. The simulation yields 2.35 as the power ratio between the two polarizations.
V. EXPERIMENTS AND DISCUSSION
Photocurrent measurements, which are a direct measure of absorption, were performed for both radially and azimuthally polarized beams by tuning the laser wavelength between 762 and 787 nm. The photocurrent spectrum for an azimuthally polarized input field ͑pure TE͒ which was used as a reference is depicted in Fig. 6͑a͒ . Both the e 0 −lh 0 and e 0 −hh 0 transitions are clearly resolved as individual peaks in the photocurrent spectrum.
For fitting the experimental data, we use a semiempirical approach,
͑1͒
The contributions to the photocurrent due to the light hole absorption ͓I lh ͔͑͒ and heavy hole absorption ͓I hh ͔͑͒ are weighted with the coefficients given by the polarization dependent transition probabilities for pure TE polarized excitation light ͑Table I͒. The individual contributions ͓I lh ͑͒ and I hh ͔͑͒ are parameterized functions chosen empirically to model the shape of the corresponding absorption contribution. Each of them consists of two-halves of Gaussian functions with the maximum corresponding to the transition energy of the excitonic ground state and a step function to model the exciton excited states and the ͓two-dimensional ͑2D͔͒ continuum ͑Fig. 7͒. The fitting procedure results in a set of parameters ͑Table II͒ which fully describe the light and heavy hole contributions separately as presented also in Fig.  6͑a͒ . These two functions are used to extract the amount of the longitudinal component for the radially polarized beam. In Fig. 6͑b͒ , two spectra recorded with the same beam power for azimuthally and radially polarized excitation light are depicted. In the latter case the photocurrent is higher due to the lower Fresnel losses for the radially polarized beam. With a longitudinal component present in the focal region, the shape of the radial spectrum differs from that of the azimuthal spectrum as can be seen in Fig. 6͑c͒ , where the two spectra are normalized to the excitonic continuum. The longitudinal field component present in the focused radially polarized field clearly reduces the absorption strength of the heavy holes, whereas that of the light holes is enhanced.
The amount of the longitudinal component x present in the spectrum for radial polarization was finally extracted by mixing the light and heavy hole contributions with the respective weights. For our radial spectrum with an unknown amount x of the TM component and ͑1−x͒ of the TE component in the total electric energy density, the fit function given in Eq. ͑2͒ was used to model the experimental data. It consists of two contributions accounting for the absorption of the TM-and TE-polarized components, multiplied by the relative strength of the corresponding component x and ͑1 − x͒, respectively.
Finally, the sum is scaled by a factor to match the experimental data. For the individual light and heavy hole contributions ͓I lh ͑͒ and I hh ͔͑͒, in Eq. ͑2͒ the functions found for the azimuthal spectrum were used, thus restricting the fitting procedure to the variation of only the two parameters x and .
͑2͒
The resulting fit for the spectrum with radially polarized input field using this method is plotted in Figs. 6͑b͒ and 6͑c͒ as the simulated spectrum. It fits the measured data points very well. The fraction of the longitudinal component x was found to be 9.8% in our experiment, whereas vector diffraction theory discussed above predicts a value of 9%. The scaling factor corresponds to the ratio of the transmitted power of the radially polarized beam to the azimuthally polarized FIG. 6 . ͑a͒ Photocurrent spectrum for azimuthally polarized beam. e 0 −lh 0 light hole absorption peak and e 0 −hh 0 heavy hole absorption peak. Also included are the simulated contributions, ͑3/12͒I hh ͑͒ and ͑1/12͒I lh ͑͒ due to light and heavy hole absorptions, respectively. ͑b͒ Photocurrent spectra ͑data points͒ for azimuthal and radial polarization together with the simulated spectra ͑lines͒. ͑c͒ Comparison between the photocurrent spectra for radially and azimuthally polarized beams normalized at the plateau ͑at ϳ765 nm͒. beam. A value of 2.35 was obtained for which agrees to the digit with the theoretical value.
VI. CONCLUSION
We have shown that quantum well nanostructures are well suited for measuring the amount of longitudinal polarization present at the focal spot of a highly focused laser beam. Using the quantum well structure we were able to determine the overall fraction of the longitudinal electric field component by taking into account the refraction at the sample surface. The longitudinal component is reduced from 80% to 9% by refraction at the sample surface. To avoid refraction and to enhance the effect, a solid immersion lens 28 ͑SIL͒ of the same refractive index as the semiconductor structure should ideally be used. In this case, the proportions of the transverse and longitudinal components in air are preserved when the focusing incident wavefront has the same curvature as the SIL. A simulation for that case is shown in Fig. 8 . The amount of longitudinal component is then only limited by the ͑numerical aperture͒ NA of the microscope objective used. 28, 29 To investigate the spot size and the polarization properties, we propose also "zero-dimensional" nanostructures ͓e.g., InAs self-assembled quantum dots ͑SAD's͔ as an appealing tool. 30 These structures are much smaller than the wavelength of light and therefore allow for a high spatial resolution. To distinguish between longitudinal and transverse fields, the strong heavy and light hole splitting in SAD's ͑Refs. 22͒ could be used. However, to implement this aspect in the present experiment the spectral range has to be shifted to the near IR region of about 1.2 m. 
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